ABSTRACT: Fifty specimens each of bream Abramis brama and roach Rutilus rutilus were examined for metazoan parasite fauna and trichodinid ciliates; 25 specimens of each species were collected from the Kiel Canal, a man-made waterway, and a nearby freshwater lake, the Dieksee. This is the first detailed parasitological examination of A. brama and R. rutilus at these locations: 30 parasite species were found, comprising 4 protozoans, 4 myxozoans, 5 digeneans, 3 monogeneans, 2 cestodes, 6 nematodes, 2 acanthocephalans, 3 crustaceans and 1 hirudinean. The crustacean Caligus lacustris occurred in both habitats while 2 other crustacean species, 2 acanthocephalans and 1 hirudinean were recorded exclusively for the lake habitat. Larval as well as adult stages of the different parasite species were found, indicating that both fish species act as intermediate and final hosts in both habitats. The Kiel Canal (total of 17 parasite species) showed a lower parasite species richness for A. brama and R. rutilus (14 and 10 parasite species, respectively) than the lake (25 parasite species). A. brama had a higher parasite richness (22 species) than R. rutilus (16 species) in the lake habitat. Most parasites collected were of freshwater origin. Consequently, the observed infection pattern of both fish species in the waterway is mainly influenced by the limited salinity tolerance of freshwater parasites, which are negatively affected even by a salinity of 2.3 to 4.5. In the central Kiel Canal, neither fish species was infected with marine parasites of low host specifity. These parasites are either limited by the low salinity at this sampling site (< 4.5 to 6.0) or they cannot enter the canal due to the environmental conditions prevailing in this artificial brackish water habitat. Thus, the canal may comprise a natural barrier preventing the distribution of North Sea parasites into the Baltic Sea. However, the brackish water Baltic Sea nematodes Paracuaria adunca and Cosmocephalus obvelatus were found in R. rutilus from the canal, demonstrating the ability of some parasite species to invade and extend their range of distribution through this man-made shipping route from the Baltic to the North Sea.
INTRODUCTION
To date, there are approx. 29 300 fish species described worldwide, of which about 12 400 live predominantly in freshwater habitats (Froese & Pauly 2006) . Of these, 3 types are recognized: (1) primary freshwater fishes, unable to enter saltwater, (2) secondary freshwater species with weak salinity tolerance and the ability to enter brackish water habitats, and (3) peripheral freshwater fishes with a high salinity tolerance that are able to enter oceanic waters (Fiedler 1991) . The bream Abramis brama and the roach Rutilus rutilus, two of the most common members of Cyprinidae in northern Europe, belong to the group of secondary freshwater species, and also inhabit the brackish Baltic Sea.
Previous parasitological studies in Europe described a wide spectrum of parasite species for Abramis brama and Rutilus rutilus (Palm et al. 1999 , Moravec 2001 . Most studies were carried out in freshwater habitats (lakes, rivers) in Great Britain, Finland, Poland, Russia, the Czech Republic and Hungary (e.g. Chappell & Owen 1969 , Pojmanska & Dzika 1987 , Reda 1987 , Moravec et al. 1997 , Moravec 2001 . However, data on the parasite fauna from brackish water habitats is scarce (Rokicki 1975 , Barkovskaya 1998 . Valtonen et al. (2001) described the structure of the parasite component communities (assemblage of all parasite species within a single host species in an ecosystem) in the brackish water Baltic Sea, but did not describe their specific composition. In Germany most studies on the parasite fauna of A. brama and R. rutilus have been done in freshwater habitats in southern Germany (Kritscher 1979 , 1983a ,b, 1986a ,b, Özcelik & Deufel 1989 . Lick (1991) and Kerstan (1992) presented the first record of a marine parasite species, Pseudoterranova decipiens (Krabbe, 1878) (P. decipiens [sensu stricto] after Zhu et al. 2002) , a member of a sibling species complex, from the brackish water Kiel Canal, which connects the Baltic and the North Sea via the Elbe estuary. So far, 22 and 29 different parasite species, respectively, are known for both species from German coastal waters (Palm et al. 1999 ). There have been only a few studies on the parasite fauna of A. brama and R. rutilus from the northern part of Germany (Palm et al. 1999) .
The Kiel Canal is a rarely studied man-made, busy shipping route connecting the North and Baltic Seas. It is 96.64 km long with a surface area of 1960 ha. The general movement of the water body in the canal is from east to west, with salinity decreasing from 15.0 in the eastern part to 2.5-3.0 in the middle, and increasing again to 4.5 in the western part. Salinity is influenced by the Baltic and North Seas and by freshwater inflows. Its fish fauna consists of euryhaline species of both freshwater and marine origin (Froese & Pauly 2006) , and few fish parasitological studies exist (Lick 1991 , Kerstan 1992 , Bazabas 1997 .
The present study determined the parasite richness of the 2 most common cyprinids, Abramis brama and Rutilus rutilus, in the canal. A nearby freshwater lake, the Dieksee (a typical northern German freshwater environment) was studied for comparison. The parasite fauna of A. brama and R. rutilus have not previously been studied at these locations. The ability to spread North Sea fish parasites into the Baltic Sea, and Baltic Sea parasites into the North Sea through the canal was analysed, and the infection patterns of the 2 species were compared to determine possible differences and the reasons for any parasite diversity observed.
MATERIALS AND METHODS

Specimens of Abramis brama and Rutilus rutilus
were collected by the RV 'Ratibor' during a monitoring project in the Kiel Canal at canal km 20.5 to 57.7 (53°53' N, 9°08' W) and 40.4 to 70.0 (54°22' N, 10°08' W), with salinities of 2.3 to 4.5 (A. brama collections) and 3.4 to 6.0 (R. rutilus collections), respectively. Specimens from the Dieksee (54°10' N, 10°31' W) were obtained from local fishermen. The study area is shown in Fig. 1 . Parasitological examination of 25 specimens of each species at each habitat (a total of 100 specimens) was carried out. All fishes were caught in May 2000 by trawl net in the canal and anchored gillnet in the lake.
Smears were taken from the gills and the inner opercula of live fishes. The fishes were stored on ice for 2 to 4 h during sampling on board the research vessel and then deep frozen at -20°C in a store room until transfer to the laboratory in Kiel, where total fish length (TL, to the nearest 0.1 cm) and total fish weight (TW, to the nearest 0.1 g) were measured. The skin, fins, eyes, gills and the mouth and gill cavity were examined for ectoparasites. The digestive tract, liver, gall bladder, spleen, kidneys, gonads, heart and swim bladder were extracted and placed in saline solution. Internal organs were examined under a stereomicroscope, but the gall bladder was removed and studied by phase-contrast microscopy. Belly flaps and musculature were examined on a candling table.
Parasites were fixed in 4% borax-buffered formalin and preserved in 70% ethanol. The smears from the gills and the opercula were stained by silver nitrate impregnation after Klein (1926 Klein ( , 1958 Bush et al. (1997) .
RESULTS
A total of 30 different parasite species were collected from both habitats and fish species. In the Kiel Canal, the component community of Rutilus rutilus and Abramis brama comprised 10 and 14 parasite species, respectively. In the Dieksee the numbers were higher, with 16 and 22 parasite species, respectively. Data on the prevalence, abundance, intensity and site of infection together with the salinity preference of the parasite species is summarized in Table 1 . Details of parasite infection and comments on parasite distribution are given below.
Protozoa
Protozoans belonging to the Order Peritrichida (Trichodinidae) were identified as Trichodina modesta Lom, 1970 , T. prowazeki Grupcheva & Lom, 1980 , Trichodina sp. and Paratrichodina incissa (Lom, 1959 . The only protozoan species in the Kiel Canal was T. prowazeki in both Abramis brama and Rutilus rutilus. T. modesta was the most common trichodinid ciliate infesting A. brama from the Dieksee. This species was absent from specimens from the canal. A single specimen of A. brama (from the lake) was infested with Trichodina sp. at low prevalence and abundance. Paratrichodina incissa was also found on the gills of a single specimen each of A. brama and R. rutilus (both from the lake). More trichodinid ciliate species infested the gills and opercula of fishes from the freshwater lake than fishes from the brackish water canal.
Myxozoa
We found 4 species of myxozoans in gill filaments or the gallbladder of Abramis brama or/and Rutilus rutilus. Myxobolus sp. (Myxobolidae) (gills) was present at a high prevalence and was the only species found in fish (A. brama only) from both the fresh-and the brackish water habitats. Ceratomyxa sp. (Ceratomyxidae) (gallbladder) infected both A. brama and R. rutilus (Dieksee), at a medium high prevalence. Zschokkella nova Klokacheva, 1914 (Myxidiidae) was collected from the gallbladder of A. brama, and Myxobolus diversicapsularis Slukhai in Shulman, 1966 was isolated from the gill filaments of R. rutilus, both from the lake. More myxozoan parasites occurred in the lake than in the canal
Digenea
We isolated 5 digenean species: metacercaria stages of Diplostomum cf. spathaceum (Rudolphi, 1819), Posthodiplostomum cf. cuticola (von Nordmann, 1832) (both Diplostomidae) and Ichthyocotylurus cf. platycephalus (Creplin, 1852) (Strigeidae) as well as adult stages of Sphaerostoma bramae (Müller, 1776) (Opecoelidae) and Asymphylodora demeli Markowski, 1935 (Lissorchiidae) . Diplostomum cf. spathaceum and P. cf. cuticola were present in both fish species and both habitats. With the exception of D. cf. spathaceum in Abramis brama, their prevalence and abundance in the lake was higher than in the canal. Asymphylodora demeli occurred in Rutilus rutilus from the canal, whereas S. bramae was present in A. brama from the lake. Ichthyocotylurus cf. platycephalus was found in both habitats, with a higher prevalence in A. brama from the lake. More digeneans occurred in fishes from the freshwater habitat than in those from the canal.
Monogenea
The monogeneans were represented by members of 3 genera, Dactylogyrus spp. (Dactylogyridae), Diplozoon paradoxum von Nordmann, 1832 and Paradiplozoon rutili (Gläser, 1967) (both Discocotylidae). The specimens collected were all adults, and all 3 species occurred in both the freshwater and brackish water habitats. Each specimen of Rutilus rutilus from the lake was infested with Dactylogyrus spp. Diplozoon para- Table 1 . Prevalence (P, %), abundance (A), intensity (I), mean intensity (mI) and site of infection together with salinity preference of parasite species collected from Abramis brama and Rutilus rutilus from the brackish Kiel Canal and the freshwater Dieksee. ZMB = deposited voucher material numbers, a = adult, l = larvae, BC = body cavity, BS = body surface, E = eyes, F = fins, G = gills, GB = gall bladder, GC = gill cavity, H = heart, I = intestine, IW = intestine wall, L = liver, M = muscles, MC = mouth cavity, ME = mesenteries, OP = operculum, S = skin, f = freshwater, b = brackish doxum had a high prevalence in Abramis brama caught in the lake and the canal, whereas a single infested specimen of R. rutilus was caught in the lake. High infestation with P. rutili was found in lake R. rutilus. However, its prevalence and abundance was low. A single specimen of A. brama (Kiel Canal) was infested with P. rutili. The prevalence of the Monogenea was higher in the freshwater than in the brackish water habitat.
Cestoda
Cestodes were collected from Abramis brama, but were totally absent from Rutilus rutilus. Two species were isolated: adult Caryophyllaeus laticeps (Pallas, 1781) (Order Caryophyllidea) (both habitats), and larval Paradilepis scolecina (Rudolphi, 1819) (Order Cyclophyllidea) (canal only, at low prevalence and abundance).
Nematoda
The Nematoda was the most diverse taxon found during the present study, being represented by both larval and adult specimens: larval Contracaecum sp. and Raphidascaris acus (Bloch, 1779) (Anisakidae); adult Pseudocapillaria tomentosa (Dujardin, 1843) (Capillariidae); larval Cosmocephalus obvelatus (Creplin, 1825) and Paracuaria adunca (Creplin, 1846) (both Acuariidae); and adult Philometra ovata (Zeder, 1803) (Philometridae). With the exception of P. tomentosa (Dieksee) and P. adunca (Kiel Canal), all other species occurred in fishes from both habitats. Contracaecum sp. was the most abundant species, with a high prevalence of infection in Abramis brama from the lake. For Rutilus rutilus, the most abundant species was C. obvelatus, reaching a high prevalence in the canal; this was the only species that was collected from R. rutilus from both habitats. Paracuaria adunca was found in R. rutilus (canal). In contrast to C. obvelatus and P. adunca, the other 4 species were more abundant in the freshwater lake.
Acanthocephala
Two adult acanthocephalan species were present in one of the fish species studied. Acanthocephalus anguillae (Müller, 1780) and Echinorhynchus salmonis Müller, 1784 (both Echinorhynchidae) were collected from Abramis brama from the lake but not from the canal. They were not present in Rutilus rutilus from either habitat. A. anguillae was present at a medium high prevalence, whereas E. salmonis was found only in a single specimen of A. brama.
Crustacea
Adult stages of Argulus foliaceus (Linné, 1758) (Argulidae), Ergasilus sieboldi von Nordmann, 1832 (Ergasilidae) and Caligus lacustris (Steenstrup & Lütken, 1861) (Caligidae) were recorded. The most abundant species was the copepod E. sieboldi, which had a high prevalence of infestation on Abramis brama in the lake. A. foliaceus and E. sieboldi occurred only in fishes from the lake; it infested both fish species, but at higher prevalences for A. brama. A single specimen of C. lacustris was collected from Rutilus rutilus from the Kiel Canal.
Hirudinea
Piscicola geometra (Linné, 1761) (Piscicolidae) was the only hirudinean species found -on Abramis brama from the lake. This (adult) species was present at low prevalence and was not found on A. brama from the canal, nor on Rutilus rutilus from either habitat.
DISCUSSION
Abramis brama and Rutilus rutilus from the brackish Kiel Canal and the freshwater Dieksee displayed a highly diverse parasite fauna, comprising 4 protozoan and 26 metazoan parasite species. Of these 30 species, 19 were endoparasitic and 11 ectoparasitic. Both fishes served as intermediate as well as final hosts in both locations. A. brama sampled from the Dieksee had the most species-rich parasite fauna, hosting 22 parasite species (component community). In contrast, R. rutilus from the Kiel Canal had the lowest richness with 10 parasite species. Fig. 2 presents the number of parasite species collected from both fish species at both locations (infra community, i.e. assemblage of all parasite species within an individual host), and shows that species richness was higher in the lake than the canal for both A. brama and R. rutilus. For the Kiel Canal, 12 and 8 new locality records were established for A. brama and R. rutilus, respectively; 17 and 14 new locality records were established for the Dieksee.
According to Remane (1940) , brackish water contains fewer aquatic animals than seawater or freshwater, and is considered a separate habitat, not a mere link between fresh-and saltwaters. Species diversity in brackish waters is low (Remane 1940) . According to Grabda (1991) and Palm (2004) , diversity of parasites of marine fishes is much higher than that of freshwater fishes. The influence of salinity on fish parasites was studied in detail by Osmanov & Yusupov (1985) , who gave special attention to the changes in the parasite fauna of fishes from Lake Aral, which accompanied increasing salinity during the last 5 decades. They reported a decrease in the composition, number (richness) and intensity of infection of parasite species as a function of changing salinity levels.
Abramis brama
Abramis brama displayed the most diverse parasite fauna in freshwater, with 22 parasite species in specimens from the freshwater lake Dieksee and 14 parasite species in specimens from the Kiel Canal. According to Palm et al. (1999) , there are 22 different metazoan parasite species in German coastal waters. Moravec et al. (1997) collected 18 parasite species from A. brama from the Vlatava River in the Czech Republic. A total of 37 parasite species were isolated from specimens from the Vistula River in Poland (Reda 1987) . Thus, A. brama from the Kiel Canal displays low parasite richness compared to individuals from the freshwater lake. Fig. 2a shows that generally 3 to 4 parasite species (infra community) were collected from the 25 specimens of Abramis brama from the canal, whereas 8 to 11 parasite species infected most specimens from the lake. With the exception of Trichodina prowazeki, A. brama from the Dieksee was infected by all parasite species that were also collected from the Kiel Canal. The parasites isolated were predominantly freshwater species. The increased salinity levels (between 2.3 and 4.5) at the sampling sites in the canal, as compared to the freshwater habitat, severely affected the distribution of the parasite fauna of A. brama. According to Möller (1978) , Hahnenkamp & Fyhn (1985) and Knudsen & Sundnes (1998) , metazoan ectoparasites are sensitive to any salinity change. This could be one reason for the lack of the ectoparasitic taxa Crustacea and Hirudinea on fishes from the Kiel Canal during the present study.
Endoparasitic helminths are also affected by increases in salinity, as again exemplified by the Kiel Canal. Parasite species found in both habitats were generally more highly prevalent in the lake (Table 1) . For example, metacercariae of Ichthyocotylurus cf. platycephalus and Posthodiplostomum cf. cuticola were found in fishes from the Dieksee at a prevalence of 68.0 and 76.0% and an abundance of 5.48 and 5.72, respectively, compared with a prevalence of 16.0 and 36.0% and abundance of 0.92 and 12.72, respectively, for the fishes from the Kiel Canal. Similarly, the larval nematode Contracaecum sp. had a prevalence and abundance of 84.0% and 11.60 in the lake and only 32.0% and 0.76 in the canal. The prevalence of Diplostomum cf. spathaceum in both habitats was 72.0%; however, the abundance and mean intensity of this parasite in the lake was much higher (31.24 and 56.6) than in the Kiel Canal (10.80 and 15.0). There are several reasons for these differences. Salinity can negatively affect the distribution of the first intermediate hosts the cormorant Phalacrocorax carbo) in the Kiel Canal. Thus far, no Lymnea species has been detected in the Kiel Canal (Bothmann 1998 , Deutschmann 1999 . Infection could take place during migrations of the fishes into adjacent freshwater habitats, resulting in different infection levels according to the duration and location of their sojourn in freshwater. It is interesting that Acanthocephala were absent from Abramis brama from the brackish water Kiel Canal. Some acanthocephalan species such as Pomphorhynchus laevis (Müller, 1776) complete their life cycles in freshwater and in marine habitats (Möller & Anders 1983) . However, Acanthocephalus anguillae and Echinorhynchus salmonis seem to be truly freshwater parasites.
Rutilus rutilus
Similar to Abramis brama, specimens of Rutilus rutilus from the Dieksee had a higher parasite richness (16 parasite species, component community) than specimens from the canal (10 parasite species). Valtonen et al. (1997) collected 38 parasite species from R. rutilus from 4 lakes in Finland, and Moravec et al. (1997) isolated 21 parasite species from R. rutilus from the Vlatava River in the Czech Republic. Palm et al. (1999) listed 29 parasite species in R. rutilus from German coastal waters, whereas a total of 24 parasite species were found in different brackish water habitats by Rokicki (1975) and Barkovskaya (1998) in Poland and Finland, respectively. Fig. 2b shows that generally 3 to 5 parasite species were present in each roach (infra community) from the Kiel Canal, while 4 to 7 parasite species were isolated from roach from the Dieksee. Although the difference in parasite species richness between the 2 habitats is lower for R. rutilus than for A. brama, it is nevertheless clearly evident.
In most cases, the parasite species found in Rutilus rutilus corresponded to those found in Abramis brama, with a few exceptions. Cestodes, acanthocephalans and hirudineans were not found in R. rutilus from both habitats. R. rutilus from the Kiel Canal originated from sampling sites with a salinity of 3.4 to 6.0. In most cases, parasites that were present in roach collected from both habitats showed lower prevalence in canal specimens, e.g. the digenean Diplostomum cf. spathaceum, with a prevalence of 80.0% and an abundance of 51.36 in lake roach compared with a prevalence of 12.0% and abundance of 3.64 in canal roach, and the monogeneans Dactylogyrus spp., with a prevalence and abundance of 100.0% and 17.52 in lake roach and 8.0% and 1.16 in canal roach, differences that arise from the direct effect of salinity on Dactylogyrus spp., as well as the first intermediate host or the parasitic stage(s) of Diplostomum cf. spathaceum. In contrast, parasite prevalences for these species in bream A. brama were similar in the canal and the lake.
The salinity tolerance of Rutilus rutilus is higher than that of Abramis brama. As the former can spend its life cycle entirely within the Kiel Canal, migration into freshwater (e.g. for spawning) is not necessary. Therefore, the possibility of becoming infected with parasites from adjacent freshwater habitats is lower for R. rutilus than for A. brama, which spawns exclusively in freshwater. This could be a reason for the lower parasite richness observed in R. rutilus, in addition to slight differences in the feeding ecology of the 2 species. On the other hand, some parasites can be positively affected by slightly increased salinity. The nematode Paracuaria adunca had a prevalence of 68.0 % and an abundance and mean intensity of 6.24 and 9.2 in R. rutilus from the brackish water canal, but was absent in specimens from the freshwater lake. The nematode Cosmocephalus obvelatus was present at a prevalence of 80.0% (abundance 9.92) and a mean intensity of 12.5 in roach from the Kiel Canal during the present study. The typical intermediate hosts for both parasites are crustaceans such as amphipods (e.g. Wong & Anderson 1982 , Jackson et al. 1997 , which comprise part of the diet of R. rutilus. A difference in the occurrence of intermediate hosts at the 2 sampling locations could be a possible reason for the high prevalence of P. adunca and C. obvelatus in roach from the Kiel Canal, and comprise an example of brackish water parasites from the Baltic Sea invading the mainly freshwater-dominated Kiel Canal. In contrast, no parasite species from the North Sea was found in R. rutilus from the central part of the canal.
CONCLUSIONS
The present study has demonstrated that Abramis brama and Rutilus rutilus from the freshwater Dieksee were infected with more parasite species than specimens from the Kiel Canal. Although the hydrology of the canal is highly influenced by the Baltic and North Seas, the parasite fauna of the 2 fish species consists mainly of freshwater parasites. Typical North Sea fish parasites were not detected, indicating that the Kiel Canal (a man-made shipping route) may act as a barrier, preventing the movement of potential parasitic invaders from the North Sea to the Baltic Sea. The primary reason for this is the low salinity in the middle of the canal, which prevents the spread of marine parasites and/or their intermediate hosts. In contrast, 2 Baltic Sea parasites were recorded at a high prevalence in R. rutilus at both sampling sites. Thus, some Baltic Sea fish parasites may use the Kiel Canal to extend their range of distribution to the River Elbe, the Elbe Estuary and, possibly, the North Sea (Fig. 3) . Both A. brama and R. rutilus are benthic, omnivorous species with high parasite diversity but low potential as parasite transporters between the 2 seas connected by the canal. Future studies should examine carnivorous species such as pikeperch Stizostedion lucioperca, European perch Perca fluviatilis and ruffe Gymnocephalus cernua (Perciformes: Percidae) and analyse their potential as parasite transporters in the canal from the North Sea towards the Baltic Sea or vice versa. This would contribute to our understanding of the role of man-made waterways in the transport of fish parasite populations into formerly non-infected habitats. 
